1. Introduction {#sec1}
===============

The increasing worldwide prevalence of type 2 diabetes mellitus (T2DM) has become one of the greatest threats to human health and is related to rising numbers of obese individuals \[[@bib1],[@bib2]\]. Currently, bariatric surgery is recommended as the most effective procedure for obese patients with T2DM \[[@bib3]\]. The most common bariatric surgeries performed globally are Roux-en-Y gastric bypass (RYGB) and vertical sleeve gastrectomy (VSG) \[[@bib4]\]. While alterations in gut hormones, circulation of bile acids, and gut microbiota have been proposed as potential mechanisms, the specific molecular mechanisms governing the beneficial effects of bariatric surgery have remained largely elusive.

Bile acids are a family of steroid molecules that can be synthesized from cholesterol and conjugated to taurine or glycine in the liver, secreted into the bile, and discharged into the duodenum after a meal. Approximately 95% of bile acids are reabsorbed in the terminal ileum and colon and then recirculated to the liver by portal vein blood \[[@bib5]\]. A growing body of evidence suggests that an increase in circulating levels of bile acids is observed after bariatric surgery and that this strongly correlates with positive metabolic effects \[[@bib6], [@bib7], [@bib8], [@bib9], [@bib10]\]. Bile acids have recently been recognized as versatile signaling molecules that can modulate G-protein-coupled receptors (GPCRs), such as TGR5, and several nuclear hormone receptors, including the farnesoid X receptor (FXR). Bile acids regulate metabolic improvement and glucose homeostasis via activation of these signaling pathways \[[@bib5],[@bib11],[@bib12]\]. There are three studies \[[@bib13], [@bib14], [@bib15]\] that performed bariatric surgery (2 VSG and 1 RYGB) in TGR5-deficient mice, and the outcomes of these studies in terms of weight loss and glucose homeostasis are contradictory. While Ding et al. reported that TGR5-signaling is required for VSG-induced weight loss \[[@bib13]\], McGavigan et al. and Hao et al. found that it is not required \[[@bib14]\]. Furthermore, although TGR5 contributes to the glucoregulatory benefits of VSG surgery \[[@bib13],[@bib14]\], similar RYGB-induced improvement of glycemic control in both wild type (WT) and TGR5-deficient mice was reported \[[@bib15]\]. Therefore the mechanisms by which bariatric surgeries produce metabolic improvements are likely complex. Moreover, FXR was recently identified as a potential molecular target of VSG-induced weight loss and improved glucose tolerance \[[@bib16]\]. However, there is a lack of information focusing on the role of FXR signaling in RYGB-induced beneficial effects in mice. Based on these facts, we speculate that FXR may be an effector of the metabolic improvement observed after the RYGB procedure. In addition, although previous studies revealed that enhanced postprandial glucagon-like peptide-1 (GLP-1) secretion was related to improved glucose tolerance after bariatric surgeries \[[@bib17],[@bib18]\], mice with genetic deficiency of the GLP-1 receptor (GLP-1R) respond normally to VSG \[[@bib19]\] and RYGB \[[@bib20],[@bib21]\] in terms of improvements in glucose regulation. Therefore the contribution of GLP-1 signaling following bariatric surgery remains to be fully elucidated.

In our study, we performed RYGB surgery in high-fat diet (HFD)-induced FXR knockout mice and their WT littermates to explore whether FXR signaling participates in the post-operative regulation of weight loss, energy expenditure, and glucose control. In addition, pharmacologic blockade of GLP-1R was performed before oral glucose tolerance tests (OGTTs) in animal models to explore the effect of GLP-1-signaling on postprandial glucose excursion after RYGB.

2. Methods {#sec2}
==========

2.1. Animals and diets {#sec2.1}
----------------------

Heterozygous FXR+/− breeding pairs generated on a C57BL/6J background (B6/JGpt-Nr1h4^em1Cd^/Gpt) were obtained from GemPharmatech Co., Ltd. (Nanjing, China) and a breeding colony was established. Another group of 4--6-week-old C57BL/6J male mice served as WT controls and were purchased from SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All mice were housed in a specific pathogen-free environment. All procedures involving animals were conducted according to Shanghai Jiaotong University guidelines, with the approval of Shanghai Jiaotong University Animal Care and Utilization Committee.

At approximately 6 weeks of age, genotyped male FXR−/− (KO) and FXR+/+ (WT) mice were placed on an HFD (kcal%: carb, 20; fat, 60; prot, 20, Diet D12492, Research Diets, New Brunswick, NJ) for 10 weeks before surgery. RYGB, or sham surgery, was performed in HFD-induced obese FXR KO and WT littermates. Sham-operated mice were fed ad libitum (S-AL) or by weight matching (S-WM) to RYGB mice via caloric restriction. S-WM mice were included to assess the body weight-independent effects of RYGB. Mice of each genotype were stratified into three groups. The final group numbers were 9 S-AL WT, 8 RYGB WT, 10 S-WM WT, 10 S-AL KO, 9 RYGB KO, and 10 S-WM KO. All animals were kept in climate-controlled rooms at 22 ± 2 °C with a 12/12 h light/dark cycle (lights on from 07:00 to 19:00) except for the metabolic chambers.

2.2. RYGB, sham surgery, and weight matching {#sec2.2}
--------------------------------------------

The surgical protocol used was described previously \[[@bib22]\]. The main procedure involved making a small gastric pouch with about 5% of the total gastric volume and leaving the Roux and biliopancreatic limb both 5--6 cm long (the average length of the small intestine was 22 ± 2 cm). The jejunum was transected, and the cut ends were sterilized with 5% povidone iodine. The distal end of the jejunum was then anastomosed with the stomach pouch in an end-to-end manner, and the jejuno-jejunostomy was accomplished with an end-to-side anastomosis. All anastomoses were made by interrupted stitches with 11-0 nylon sutures. In the sham group, mice underwent laparotomy without stomach and jejunum transection. A simple continuous suture was used on the anterior wall of the stomach.

All mice were fasted for 24 h with free access to tap water and then were fed a liquid diet ad libitum (10% Ensure, Abbott Laboratories, Columbus, USA) for 2 days after surgery. After 3 days, the mice were returned to a 60% HFD until the end of the experiment. Mice weight-matched to the RYGB group were restricted to approximately 50%--60% of the food intake of the RYGB group once per day in the light.

2.3. Measurement of body weight, body composition, and food intake {#sec2.3}
------------------------------------------------------------------

Body weight and food intake were measured twice a week in RYGB and S-AL groups, and daily rations of food for mice of the S-WM group were recorded. Total food intake (in kcal) was determined from the intake of the HFD (5.24 kcal/g), taking spillage into account. Body fat content was measured before the experiment began and every 4 weeks thereafter with a nuclear magnetic resonance minispec (LF 90 NMR Analyzer; Bruker Optics, Billerica, MA, USA).

2.4. Measurement of energy expenditure {#sec2.4}
--------------------------------------

Mice of each group were individually placed in an Oxymax indirect calorimeter 13 weeks after surgery (Columbus Instruments, OH, USA). All mice were acclimatized for 24 h prior to measurements. Carbon dioxide output (VCO~2~) and oxygen uptake (VO~2~) were recorded during the day and night. Mice were maintained at 25 °C for 2 days under a 12 h light/dark cycle with free access to food and water. Energy expenditure in kcal was calculated based on VO~2~ and VCO~2~ by company-supplied software.

2.5. Oral glucose and insulin tolerance tests {#sec2.5}
---------------------------------------------

All mice were fasted for 6 h with free access to water the morning before OGTTs and insulin tolerance tests (ITTs). Blood glucose was measured through the tail vein using the OneTouch UltraEasy Blood Glucose Monitoring System (Lifescan, Milpitas, CA, USA) 0, 15, 30, 60, and 120 min after an oral gavage of [d]{.smallcaps}-glucose (1.0 g/kg) at postoperative weeks 4 and 14. Blood glucose was measured 0, 15, 30, 60, and 120 min after intraperitoneal injection with human insulin (0.8 U/kg Humulin R; Novo Nordisk) at postoperative week 15. In additional experiments, fasted mice were intraperitoneally injected with sterile saline (0.9% NaCl) with or without the GLP-1R antagonist Ex-9 (50 μg; Tocris Biosciences, Bristol, UK) 120 min before the OGTT in each group at postoperative weeks 4 and 14.

2.6. Glucose-stimulated insulin and GLP-1 secretion {#sec2.6}
---------------------------------------------------

For the insulin secretion test, mice were fasted overnight and then gavaged with [d]{.smallcaps}-glucose (1.5 g/kg). Blood was collected (40 μL) by retro-orbital venipuncture under isoflurane anesthesia at postoperative weeks 4 and 14. Next, serum insulin levels were measured using an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Enzyme-linked Biotechnology Co., Shanghai, China). Plasma GLP-1 was measured after an overnight fast and 0, 15, and 30 min after an oral gavage of [d]{.smallcaps}-glucose (1.0 g/kg) at postoperative weeks 4 and 14. Blood was collected (80 μL) by retro-orbital venipuncture under isoflurane anesthesia at the indicated times and treated with EDTA and a protease inhibitor cocktail (DPP-IV inhibitor, protease inhibitor, and Pefabloc SC). Plasma was collected by centrifugation, and GLP-1 levels were assessed using ELISA kits (Millipore Corporation, Billerica, MA, USA) according to the manufacturer\'s instructions.

2.7. Plasma glucose and hormone assays {#sec2.7}
--------------------------------------

All mice were euthanized 16 weeks following surgery after an overnight fast. A few drops of trunk blood were collected, and blood glucose was immediately tested by a glucometer, as mentioned above. An additional 500 μL of trunk blood was collected and treated with EDTA and a protease inhibitor cocktail (DPP-IV inhibitor, Protease inhibitor, and Prefabloc SC). The plasma was then separated by centrifugation (3000 rpm) at 4 °C for 15 min. Plasma aliquots were frozen in liquid nitrogen before storage at −80 °C for further analysis. Serum insulin levels were determined using ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Shanghai, China). The homeostasis model assessment ratio (HOMA-R) was used to evaluate insulin resistance. Formula: HOMA-R = fasting glucose (mmol/L) × fasting insulin (μU/mL)/22.5.

2.8. Statistics and data analysis {#sec2.8}
---------------------------------

We performed statistical analysis using GraphPad Prism software version 7.02 (San Diego, CA). Differences in initial body weight and blood glucose levels between WT and KO mice were analyzed with Student\'s t-tests. Differences in body fat mass and adiposity index changes between S-WM and RYGB mice were analyzed with Student\'s t-tests. Total energy expenditure was analyzed with an adjusted ANCOVA using body weight and lean mass as covariates. Body weight, body weight change, fat mass, adiposity index, food intake, feeding efficiency, glucose and insulin tolerance area under the curve (AUC), fasting plasma assays, and HOMA-IR were analyzed with a two-way ANOVA using the treatment group and genotype as between-subject variables, followed by Tukey\'s post-hoc test. Where appropriate, time was used as within-subjects repeated measure ANOVA. Data are presented as the mean ± SEM. Statistical significance was defined as *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Mortality and complications {#sec3.1}
--------------------------------

One of the S-AL WT mice exhibited a lack of appetite and a steep decline in body weight and was euthanized 3 weeks after surgery. Also, one of the FXR-KO mice developed moderate jaundice and was euthanized 4 weeks after the RYGB procedure. Their autopsy reports were inconclusive. In addition, two WT mice died within the first week after RYGB surgery. The autopsy showed the obstruction of the alimentary limb at the level of the jejunojejunostomy and anastomotic leak of the jejunojejunum end-to-side anastomosis. None of these four mice were included in the analyses. The rest of the mice appeared completely healthy and required no special diets throughout the study.

3.2. Baseline measurements in WT and FXR-KO mice {#sec3.2}
------------------------------------------------

FXR-deficiency has previously been shown to attenuate weight gain and improve glucose homeostasis \[[@bib23]\]. Our results are consistent with these observations ([Supplementary Figure S1A-B](#appsec1){ref-type="sec"}). We maintained all mice on a 60% HFD for 10 weeks prior to surgery. This approach ensured that their body weights were more than 30 g and that the fasting blood glucose levels were more than 120 mg/dl prior to surgery in both WT and FXR KO mice.

3.3. RYGB surgery decreases body weight and fat mass in WT and FXR-KO mice {#sec3.3}
--------------------------------------------------------------------------

WT and KO mice displayed rapid weight loss in the first 4 weeks after RYGB surgery, while the respective sham-operated controls demonstrated only a small and transient loss in week one ([Figure 1](#fig1){ref-type="fig"}A). There was a difference in body weight among the groups from the third week after surgery. Compared with sham-operated controls, RYGB led to more weight loss from week 3 to week 16 in both genotypes, and the body weight change relative to preoperative body weight did not differ between WT and KO mice ([Figure 1](#fig1){ref-type="fig"}A--B). Different from our observations in RYGB groups, sham-operated WT mice exhibited substantial weight gain compared with KO mice ([Figure 1](#fig1){ref-type="fig"}A--B). These data suggest that although FXR-deficient mice are obesity-resistant, RYGB results in the maintenance of weight loss independent of genotype. Because a nadir of body weight occurred 4 weeks after RYGB, we analyzed the body fat and adiposity index of each group at weeks 4 and 16. Compared with the S-AL controls, the fat mass and adiposity index of RYGB mice were significantly reduced at 4 and 16 weeks in both genotypes, while the differences between S-WM and RYGB mice were only observed at postoperative week 16 ([Figure 1](#fig1){ref-type="fig"}C-D-F-G). These results suggest that RYGB significantly reduces fat mass compared with both S-AL and S-WM controls in both genotypes. The fat mass and adiposity index did not differ between RYGB mice genotypes ([Figure 1](#fig1){ref-type="fig"}C-D-F-G) or between S-WM and RYGB groups in both genotypes ([Figure 1](#fig1){ref-type="fig"}E--H). Taken together, these results suggest that FXR signaling is not required to maintain the reduction in fat mass and adiposity index achieved by RYGB.Figure 1Effect of RYGB, S-AL, or S-WM on body weight, fat mass, and adiposity index in FXR−/− (KO) and wild-type (WT) mice. (A) Body weight of mice after surgery. (B) Body weight change in mice after surgery. (C) Body fat mass 4 weeks after surgery. (D) Body fat mass 16 weeks after surgery. (E) Fat mass difference between RYGB and S-WM at 4 and 16 weeks after surgery in both genotypes. (F) Adiposity index 4 weeks after surgery. (G) Adiposity index 16 weeks after surgery. (H) Adiposity index difference between RYGB and S-WM at 4 and 16 weeks after surgery in both genotypes. ∗ = *P* \< 0.05, ∗∗ = *P* \< 0.01, ∗∗∗ = *P* \< 0.001 S-AL vs. RYGB in WT mice, ˆ = *P* \< 0.05, ˆ ˆ = *P* \< 0.01, ˆ ˆ ˆ = *P* \< 0.001 WT vs. KO in S-AL mice, \# = *P* \< 0.05, \#\# = *P* \< 0.01 S-WM vs. RYGB in WT mice, \$ = *P* \< 0.05, \$\$ = *P* \< 0.01 S-AL vs. RYGB in KO mice, & = *P* \< 0.05, && = *P* \< 0.01 S-WM vs. RYGB in KO mice by Student\'s t-tests (E and H) and two-way ANOVA with Tukey\'s post hoc test (A, B, C, D, F, and G). Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type.Figure 1

3.4. RYGB surgery has similar effects on food intake and energy expenditure in WT and FXR-KO mice {#sec3.4}
-------------------------------------------------------------------------------------------------

As a result of the difference in preoperative body weight, food intake was generally slightly lower in FXR−/− compared with WT mice before surgery ([Figure 2](#fig2){ref-type="fig"}C). Food intake was suppressed in all groups within the first week and recovered 2--3 weeks after surgery. Because all mice were fed 10% Ensure ad libitum within 2 days after the operation, food intake was significantly lower in RYGB compared with sham mice of both genotypes ([Figure 2](#fig2){ref-type="fig"}D). RYGB food intake during the first week appeared to be significantly lower in WT but not in KO mice compared with corresponding S-AL groups. After the first week, food intake after RYGB approached S-AL levels in both genotypes. The amount of food weight-matched mice needed to maintain body weight was significantly less than that required by the respective RYGB groups in WT and KO mice ([Figure 2](#fig2){ref-type="fig"}A--B).Figure 2Effect of RYGB, S-AL, or S-WM on food intake and feed efficiency in FXR−/− (KO) and wild-type (WT) mice. (A) Food intake in WT mice. (B) Food intake in KO mice. (C) Presurgical food intake. (D) Ensure intake during the first 2 days. (E) Cumulative energy intake between 2 and 16 weeks. (D) Feed efficiency between 8 and 13 weeks in both WT and KO mice. ∗ = *P* \< 0.05, ∗∗ = *P* \< 0.01 S-AL vs. RYGB in WT mice, \# = *P* \< 0.05, \#\# = *P* \< 0.01 S-WM vs. RYGB in WT mice, § = *P* \< 0.05, §§ = *P* \< 0.01 genotype comparison of mice with the same treatment conditions, \$ = *P* \< 0.05, \$\$ = *P* \< 0.01 S-AL vs. RYGB in KO mice, & = *P* \< 0.05, && = *P* \< 0.01 S-WM vs. RYGB in KO mice by two-way ANOVA with Tukey\'s post hoc test. Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type.Figure 2

Interestingly, although RYGB mice could achieve substantial weight loss and fat mass reduction compared with S-AL mice, cumulative food intake was similar in S-AL and RYGB groups of both genotypes ([Figure 2](#fig2){ref-type="fig"}E). Furthermore, the cumulative energy intake was significantly reduced in KO--S-AL mice compared with WT-S-AL groups. The main reason for this is that KO and WT mice had different weights during our experiment, which could have lead to differences in the amount of food required to maintain body weight. To eliminate this difference, we used feed efficiency (defined as weight gain per kcal consumed) to measure the relationship between body weight and energy intake. Our results confirmed that there was no significant difference in feed efficiency between WT and KO mice within the three different treatment groups when their weight gain had plateaued (weeks 8--13, [Figure 2](#fig2){ref-type="fig"}F). This suggests that FXR is not required for the changes in food intake after RYGB surgery.

Because S-AL mice have a much higher body weight and adiposity than mice of the S-WM and RYGB groups, their total energy expenditure might differ. Therefore we analyzed energy expenditure by an adjusted ANCOVA using body weight and lean mass as covariates ([Figure 3](#fig3){ref-type="fig"}). RYGB mice had similar energy expenditure compared to S-AL mice, but significantly higher energy expenditure compared with S-WM mice, and this effect was similar in both genotypes ([Figure 3](#fig3){ref-type="fig"}C). This suggests that FXR does not contribute to RYGB-induced relative increases in energy expenditure.Figure 3Effect of RYGB, S-AL, or S-WM on energy expenditure in FXR−/− (KO) and wild-type (WT) mice 13 weeks after surgery in metabolic chambers. (A) TEE per hour in WT mice. (B) TEE per hour in KO mice. (C) ANCOVA-adjusted TEE using body weight and lean mass as covariates in both genotypes. \#\#\# = *P* \< 0.001 S-WM vs. RYGB in WT mice, &&& = *P* \< 0.001 S-WM vs. RYGB in KO mice by two-way ANOVA with Tukey\'s post hoc test. Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type. TEE: total energy expenditure.Figure 3

3.5. FXR signaling contributes to improvements in glycemic control after RYGB {#sec3.5}
-----------------------------------------------------------------------------

To investigate the role of FXR signaling in glycemic control after RYGB surgery, OGTTs, ITTs, and fasting and postprandial insulin levels were analyzed in all surgical cohorts.

Fasting blood glucose concentrations were lower in FXR-deficient mice prior to RYGB surgery ([Supplementary Figure S1 B](#appsec1){ref-type="sec"}). Insulin and glucose tolerance were significantly improved in WT-RYGB compared with their respective S-AL and S-WM groups, but were similarly reduced in both RYGB and S-WM relative to S-AL in FXR knockout mice ([Figure 4](#fig4){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"}A--B). In addition, compared with their respective S-WM groups, HOMA-IR was significantly improved in RYGB mice with a WT genetic background, but not in mice with an FXR knockout genetic background ([Figure 6](#fig6){ref-type="fig"}C). This suggests that RYGB-induced body weight-independent improvements in glucose control are impaired in the absence of FXR signaling.Figure 4Effect of RYGB, S-AL, or S-WM on oral glucose tolerance tests and glucose-stimulated insulin and GLP-1 secretion in FXR−/− (KO) and wild-type (WT) mice at 4 weeks after surgery. Oral glucose tolerance test (A), glucose AUC ~0--120min~ (B), fasting insulin (C), the ratio of secreted insulin compared with the baseline (% baseline insulin) (D), glucose-stimulated GLP-1 secretion (E) and GLP-1 AUC ~0--30min~ (F). ∗ = P \< 0.05, ∗∗ = P \< 0.01, ∗∗∗ = P \< 0.001 S-AL vs. RYGB in WT mice, \# = P \< 0.05, \#\# = P \< 0.01, \#\#\# = P \< 0.001 S-WM vs. RYGB in WT mice, \$ = P \< 0.05, \$\$ = P \< 0.01 S-AL vs. RYGB in KO mice by two-way ANOVA with Tukey\'s post hoc test. Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type. AUC: area under curve.Figure 4Figure 5Effect of RYGB, S-AL, or S-WM on oral glucose tolerance tests and glucose-stimulated insulin and GLP-1 secretion in FXR−/− (KO) and wildtype (WT) mice at 14 weeks after surgery. Oral glucose tolerance test (A), glucose AUC ~0--120min~ (B), fasting insulin (C), the ratio of secreted insulin compared with the baseline (% baseline insulin) (D), glucose-stimulated GLP-1 secretion (E) and GLP-1 AUC ~0--30min~ (F). ∗ = P \< 0.05, ∗∗ = P \< 0.01, ∗∗∗ = P \< 0.001 S-AL vs. RYGB in WT mice, \# = P \< 0.05, \#\# = P \< 0.01, \#\#\# = P \< 0.001 S-WM vs. RYGB in WT mice, \$ = P \< 0.05, \$\$ = P \< 0.01 S-AL vs. RYGB in KO mice, && = P \< 0.01 S-WM vs. RYGB in KO mice by two-way ANOVA with Tukey\'s post hoc test. Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type. AUC: area under curve.Figure 5Figure 6Effect of RYGB, S-AL, or S-WM on insulin tolerance tests and insulin sensitivity in FXR−/− (KO) and wildtype (WT) mice after surgery. Insulin tolerance test at 15 weeks after surgery (A). Glucose AUC ~0--120min~ at 15 weeks after surgery (B). HOMA-IR (C) at 16 weeks after surgery. ∗ = P \< 0.05, ∗∗ = P \< 0.01, ∗∗∗ = P \< 0.001 S-AL vs. RYGB in WT mice, \# = P \< 0.05, \#\# = P \< 0.01 S-WM vs. RYGB in WT mice, \$ = P \< 0.05, \$\$ = P \< 0.01 S-AL vs. RYGB in KO mice by two-way ANOVA with Tukey\'s post hoc test. Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type. AUC: area under curve. HOMA-IR: the homeostasis model assessment ratio.Figure 6

Fasting plasma insulin decreased significantly in WT-RYGB compared with their respective S-AL and S-WM groups at 4 and 14 weeks after surgery. In contrast, fasting insulin level did not differ among FXR KO groups at 4 weeks and was only significantly lower in KO-RYGB relative to KO--S-AL at 14 weeks after surgery ([Figure 4](#fig4){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"}C). This suggests that the body weight-independent reductions in fasting plasma insulin after RYGB appear to rely, in part, on FXR signaling.

The percent increase in plasma insulin concentrations from fasting to peak values increased significantly in RYGB-operated animals relative to their corresponding S-AL and S-WM controls at postoperative weeks 4 and 14. Although a remarkable increase was observed in KO-RYGB compared with KO--S-AL mice at 14 weeks, the percentage of peak insulin values did not significantly differ between KO-RYGB and KO--S-WM postoperatively ([Figure 4](#fig4){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"}D). This suggests that the increase in glucose-stimulated insulin secretion achieved by the RYGB procedure was partially via FXR signaling.

3.6. GLP-1R blockade blunts the glucoregulatory benefits of RYGB in WT but not in FXR KO mice at 4 weeks after surgery {#sec3.6}
----------------------------------------------------------------------------------------------------------------------

To investigate the role of GLP-1 signaling in the glucoregulatory benefits after RYGB surgery, we next assessed glucose-stimulated GLP-1 secretion and glucose tolerance after Ex-9 pretreatment in experimental cohorts.

Compared with their respective sham controls, the glucose-stimulated GLP-1 secretion was significantly increased in RYGB mice, and the GLP-1 AUC did not differ between WT S-AL and S-WM mice. However, the enhancement of GLP-1 secretion in RYGB-operated mice relative to their corresponding sham controls was blunted in FXR KO groups at 4 weeks but not at 14 weeks post-surgery ([Figure 4](#fig4){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"}E--F). This suggests that FXR signaling might contribute to postoperative increases in GLP-1 secretion at early time points.

At 4 weeks after the operations, glucose tolerances after saline intervention were significantly improved in WT-RYGB mice compared with their respective S-WM groups ([Figure 7](#fig7){ref-type="fig"}A--E). However, the postprandial glycemic response of Ex-9 infusion was similar between WT RYGB and S-WM mice ([Figure 7](#fig7){ref-type="fig"}A--E). Interestingly, compared with OGTT with saline intervention, pharmacologic blockade of GLP-1R did not change the pattern of the increase in postprandial blood glucose excursions between FXR KO RYGB and S-WM mice. ([Figure 7](#fig7){ref-type="fig"}B--E). This suggests that early interruption of GLP-1R signaling blunts the glucoregulatory effects of RYGB in WT but not FXR KO mice.Figure 7Effect of pharmacologic blockade of GLP-1R on glucose control in FXR−/− (KO) and wild-type (WT) mice at postoperative weeks 4 and 14. RYGB and S-WM mice underwent OGTT. The glucose excursion curve after sterile saline with or without Ex-9 administered by intraperitoneal injection in fasted WT (A) and KO (B) mice at postoperative week 4. The glucose excursion curve after similar treatment in WT (C) and KO (D) mice at postoperative week 14. Glucose AUC ~0--120min~ with saline or Ex-9 pretreatment in both WT and KO mice at postoperative weeks 4 (E) and 14 (F). ∗∗ = P \< 0.01 S-WM vs. RYGB in WT mice by two-way ANOVA with Tukey\'s post hoc test. Data are shown as mean ± SEM. S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type. OGTT: oral glucose tolerance tests, AUC: area under curve.Figure 7

Although the postprandial GLP-1 levels were significantly increased in RYGB groups compared with their respective sham controls in both genotypes 14 weeks after the operations ([Figure 5](#fig5){ref-type="fig"}E--F), pharmacologic blockade of GLP-1R did not change the pattern of the increase in postprandial glycemic excursions and glucose AUC between RYGB and S-WM mice in both genotypes ([Figure 7](#fig7){ref-type="fig"}C-D-F). This suggests that pharmacologic blockade of GLP-1R was unable to negate the effects of RYGB on glucose homeostasis in both genotypes at 14 weeks post-surgery.

4. Discussion {#sec4}
=============

Accumulating evidence \[[@bib6],[@bib7],[@bib24], [@bib25], [@bib26], [@bib27]\] has shown that metabolic improvements following bariatric surgeries have been attributed to favorable changes in the concentrations and composition of bile acids. In addition, bile acids exert metabolic improvements mainly through activating their receptors, FXR and TGR5 \[[@bib12]\]. Indeed, plasma bile acid levels positively correlate with GLP-1 after bariatric surgery in humans \[[@bib6],[@bib28]\] and mice \[[@bib29]\]. The direct roles of TGR5 in the metabolic improvements after VSG have also been demonstrated through genetic research in mice \[[@bib13],[@bib14]\]. However, the beneficial effects of RYGB were independent of TGR5 \[[@bib15]\]. Furthermore, GLP-1 receptor activity is not necessary for weight loss and glucose homeostasis improvements induced by RYGB \[[@bib21],[@bib30]\] and VSG surgery \[[@bib19]\]. Therefore the contribution of increased circulating bile acids and their related signaling pathways to the metabolic improvements observed following bariatric surgery remains to be fully elucidated. Ryan et al. showed that the absence of FXR actually prevented the beneficial effects of VSG \[[@bib16]\]. Our results contradict the findings by Ryan et al. with regard to the effects on weight loss and extend the findings that FXR signaling contributes to the improvement of glycemic control in a body weight-independent manner following RYGB. Furthermore, our results suggest that the improved glucose control is dependent on GLP-1 in the early postoperative period.

Many well-designed studies have shown that the improvement of glycemic control achieved by bariatric surgery is partially independent of weight loss \[[@bib31],[@bib32]\]. To eliminate the effect of body weight changes on glucose metabolism, we used mice weight-matched to the RYGB group. Body weight change from baseline and fat mass difference between S-WM and RYGB groups did not differ between the genotypes. Therefore we were able to assess the body weight-independent contributions of FXR signaling to the hypoglycemic benefits of RYGB. Again, FXR-deficiency has previously been shown to attenuate body weight increases and improve glucose homeostasis \[[@bib23]\]. To avoid the impact of and account for different body weights between the two genotypes, we used feed efficiency and ANCOVA-adjusted energy expenditure to eliminate this difference between the genotypes. In addition, to control for the effects of different fasting blood glucose levels, comparisons were only conducted within each genotype for the three different treatment conditions. These approaches allowed us to control these variables and better compare metabolic parameters in both genotypes after surgery. Our data show that RYGB is superior to S-WM controls in improving glucose tolerance and insulin sensitivity/resistance in WT mice, while similar effects were observed in FXR knockout mice for both treatment conditions. Taken together, these results suggest that FXR signaling facilitates the improvement of glycemic control after RYGB in a body weight-independent manner.

Although the release of GLP-1 has been reported to be modulated by TGR5 in the small intestine, a recent study showed a small attenuation of postprandial GLP-1 secretion following bariatric surgery in global TGR5 knockout mice \[[@bib14]\]. Interestingly, Trabelsi et al. demonstrated that the inhibition of FXR improves glucose disposal via the GLP-1 pathway in both cultured cells and FXR-deficient mice. In addition, bile acid signaling increased intestinal GLP-1 production via FXR signaling \[[@bib33]\]. Our study further confirmed that the level of postprandial GLP-1 in FXR KO mice was higher than that in WT mice, and the level in RYGB groups was higher than that in their corresponding sham controls, except that there was no significant difference in postprandial GLP-1 levels among KO-RYGB mice and their respective sham groups at 4 weeks post-surgery.

Previous functional studies that focused on the contribution of GLP-1 signaling to improved glucose tolerance after bariatric surgery have produced mixed results. Mice with genetic deficiency of the GLP-1R respond normally to VSG \[[@bib19]\] and RYGB \[[@bib20],[@bib21]\] in terms of improvements in glucose regulation, while the glucoregulatory effects of biliary diversions to ileum (GB-IL), a new surgical procedure imitating the alterations of bile delivery to the distal small intestine caused by RYGB, were lost in global GLP-1R-deficient mice \[[@bib33]\]. The discrepancy between these studies could be explained by the difference in the timing and feeding conditions after surgeries. First, the types of diet feed were different. An HFD containing 40% fat was used by Wilson-Perez et al., a 60% HFD by Mokadem et al. a two-choice diet consisting of an HFD and regular chow by Boland et al. and a chow diet containing 4.5% fat was used by Albaugh et al. Second, the time of blood glucose monitoring also ranged from 18 days to 8 weeks after surgery. Third, glucose tolerances were implemented in different ways, including oral gavage of a standard liquid diet \[[@bib19]\], [d]{.smallcaps}-glucose \[[@bib20],[@bib33]\], and intraperitoneal injection with [d]{.smallcaps}-glucose \[[@bib21]\]. The mice in our study were maintained on a 60% HFD after surgery, and oral gavage of [d]{.smallcaps}-glucose was conducted at postoperative weeks 4 and 14. Our results indicated that blockade of the GLP-1R with Ex-9 abolished the glucoregulatory improvements in FXR+/+ but not in FXR−/− RYGB mice compared with their respective S-WM groups at 4 weeks post-operation. In other words, the FXR-mediated improvement in glucose metabolism was dependent of GLP-1 signaling at 4 weeks but independent of the GLP-1R at 14 weeks after RYGB.

We have not measured plasma bile acid levels in the diet-induced obese mice after surgery. However, several studies show that both RYGB \[[@bib6], [@bib7], [@bib8], [@bib9]\] and VSG \[[@bib10]\] can result in increased levels of serum bile acids, which are involved in improved glucose metabolism in obese individuals with T2DM. This finding is also supported by experiments on rodents \[[@bib6],[@bib7],[@bib24], [@bib25], [@bib26], [@bib27]\]. Additionally, Bordenstein et al. showed that increased levels of bile acids and improved glycemic control occur within 4 weeks of surgery, suggesting that bile acids might mediate early glucoregulatory benefits in post-bariatric patients \[[@bib34]\]. Furthermore, GB-IL \[[@bib7],[@bib33],[@bib35],[@bib36]\] induced the most substantial weight loss and glucose tolerance improvement, similar to RYGB. These studies indicate that bile acids can exert beneficial effects in the hindgut independently of surgical intervention of gastrointestinal anatomy. Based on these findings, our results may shed light on the physiological mechanisms, which can now be applied to future research.

In terms of the beneficial effects on body weight, a previous study found that FXR signaling was required for longer term weight maintenance after VSG \[[@bib16]\]. In that study, they found that WT-VSG mice maintained the initial weight loss for the duration of the experiment, while KO-VSG animals regained the weight within 5 weeks compared with their sham controls. However, our results show that relative to the sham-operative groups of both genotypes, RYGB can achieve remarkable weight loss throughout the experiment. Body weight changes from the baseline were similar between genotypes after the RYGB procedure, suggesting that weight loss maintenance after RYGB is independent of FXR signaling.

The disparity between different studies focusing on body weight may be attributed to the different types of surgery performed. Interestingly, a recent study reported that VSG was less effective at consistently suppressing body weight than RYGB \[[@bib37]\]. Similar to the study conducted by Ryan et al. the degree of weight regain reaches preoperative levels approximately 10 weeks after VSG \[[@bib16]\], while body weight following RYGB was consistently lower than preoperative levels at all time points in our study. The differences in surgical body weight outcomes have also been reported in other studies \[[@bib13], [@bib14], [@bib15],[@bib38]\]. The mechanisms of weight loss might be different between the two surgical procedures, mainly due to food intake and energy expenditure \[[@bib37]\]. Genetic studies focusing on the effect of metabolic improvement among different surgical procedures in mice are needed to fully elucidate the mechanistic differences.

The food intake of RYGB or VSG groups is consistently significantly lower than that of their corresponding sham counterparts in the early postoperative period, after which the surgical mice compensate for the initial reduced intake \[[@bib13],[@bib15],[@bib16],[@bib37]\]. In our study, we selected the postoperative period in which food intake and body weight were relatively stable for analysis to better imitate the long-term changes after RYGB in humans. We found that there was no significant difference in cumulative food intake (2--16 weeks) and feed efficiency (8--13 weeks) between RYGB and S-AL groups of both genotypes. However, when taking into account the greater energy lost in the feces of RYGB mice reported previously \[[@bib39]\], the net energy intake in RYGB animals was intermediate to that of S-AL and S-WM controls. In addition, when energy expenditure is adjusted for body weight and lean mass, RYGB mice consume as much energy as S-AL groups, but more than S-WM controls. Taken together, the weight loss in response to RYGB is mainly due to a decrease in net energy intake independent of genotype. In addition, RYGB does not increase energy expenditure, but instead prevents the weight loss-induced decrease observed in nonsurgical weight-matched mice (metabolic adaptation to weight loss) in both genotypes.

There are some limitations to the present study. First, although we carefully designed the experiment by introducing sham-weight matching controls, using ANCOVA-adjusted methods, and only comparing data within each genotype for the three different treatment conditions, it is undeniable that KO mice had lower body weight and fat mass at the time of surgery, which would more or less affect the comparison of experimental results. For this reason, in future studies, we could deeply explore mice of the same body weight at different ages, the same ages but different body weight, or even the same body weight at the same age through different high-fat feeding schemes. Second, we did not measure the pool of circulating bile acids. The bile acid levels and sub-type profiles might be important and relevant to the changes in glucose homeostasis. Third, because FXR may have different roles in the liver and intestines, tissue-specific knockout mice should be used to explore the tissue-specific effects of FXR on metabolism after RYGB. Lastly, hyperinsulinemic-euglycemic and hyperglycemic clamps are the gold standard for assessing insulin sensitivity and pancreas islet function, but we did not use them in this study.

5. Conclusion {#sec5}
=============

We demonstrated that RYGB surgery decreases body weight and fat mass and has similar effects on food intake and energy expenditure independent of genotype. Moreover, the observed body weight reduction in response to RYGB is mainly due to a decrease in net energy intake, and RYGB does not increase energy expenditure but instead prevents the weight loss-induced decrease observed in nonsurgical weight-matched mice (metabolic adaptation to weight loss). Although most of the improvements in glucose homeostasis are secondary to RYGB-induced weight loss in WT mice, FXR signaling facilitated improved glycemic control in a body weight-independent manner after the RYGB procedure, which might be mediated by an FXR-GLP-1 axis in the early postoperative period.
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The following are the Supplementary data to this article:Supplementary Figure 1Initial body weight and blood glucose levels in mice. (A) All body weights were more than 30 g, and (B) fasting blood glucose levels were more than 120 mg/dl prior to surgery in both WT and FXR KO mice. § = *P* \< 0.05, §§ = *P* \< 0.01 genotype comparison of mice. Student\'s t-tests were used for comparisons. Data are shown as mean ± SEM (n = 8--10 per group). S-AL: sham-operated animals fed ad libitum; S-WM: sham-operated animals weight matched to RYGB-operated mice; RYGB: Roux-en-Y gastric bypass surgery; KO, knockout; WT, wild type.Supplementary Figure 1
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